Abstract:The effect of evaporator tilt on the operating temperature of a loop heat pipe (LHP) without a secondary wick under terrestrial surroundings was investigated both experimentally and theoretically in this work. The experiments were conducted with the evaporator placed at three different tilts: (i) the evaporator was horizontal with the compensation chamber (CC), (iii) the evaporator was vertically below the CC, and (iii) the evaporator was higher the CC with a tilt angle of xx. The experimental results show that the evaporator tilt has significant effect on the operating temperature of the LHP: the operating temperature of the case iii) was much higher than the other two cases.
INTRODUCTION
Loop heat pipes (LHPs) are effective and efficient two-phase heat transfer devices that utilize the evaporation and condensation of a working fluid to transfer heat, and the capillary forces developed in fine porous wicks to circulate the working fluid [1, 2] . Their high pumping capability, excellent heat transfer performance and flexible thermal link function have been traditionally utilized to address the thermal-management problems of spacecraft, and successfully applied in many space tasks [3] [4] [5] [6] [7] [8] [9] [10] [11] . With the continuous development of LHP technology in space applications, more recently, its application has been extended to terrestrial surroundings such as in high heat flux electronics cooling [12] [13] [14] [15] [16] and thermal-management systems for aircraft and submarines [17] [18] [19] [20] .
For space applications, the effect of gravity on the operating characteristics of the LHP can be generally ignored due to the microgravity environment. The operating temperatures of the LHP are almost identical when the components are placed at different relative orientations. However for terrestrial applications, the liquid/vapor distribution and bubble movement in the two-phase components, and the gravitational pressure loss/gain in the system are strongly influenced by the gravity. The relative position of different components would affect significantly the heat and mass transfer processes, and result in different start-up and steady-state operation characteristics of the LHP.
So far, there have been quite a few literatures that reported the operation characteristics of LHPs on the ground, which showed their capability of transporting heat over a long distance under antigravity conditions and revealed their transient startup and power cycling characteristics [21] [22] [23] [24] . It has been found that the relative orientation of the components has significant effect on the startup and steady-state performance of LHPs under terrestrial surroundings, which is briefly reviewed here. Wolf et al.(1994) experimentally investigated the effect of adverse elevation, i.e., the evaporator is located above the condenser, on the operating temperature of a LHP in ground operation [21] . The results showed that the LHP operating temperature increased with increasing adverse elevations at low heat loads, being 8 K higher as the adverse elevations increased from 0.91 m to 2.74 mat a heat load of 25W. Such a operating temperature difference decreased with the increase of the heat load, and became indiscernible at heat loads over 200 W. Kaya et al. (2000) experimentally investigated the thermal performance characteristics of a terrestrial LHP with a large adverse elevation [22] aiming to transfer the excess heat from an electronic transformer to the underground. , Several tests were conducted including start-up, power cycling, and low and high-power tests to demonstrate its feasibility. The LHP demonstrated a heat transport capability of over 1kW at an adverse elevation of 4 meters. However, once deprimed??, the LHP would operate at a much higher temperature even after the evaporator power was reduced. In addition, some temperature fluctuation patterns were also observed. Zhang et al.(2005) experimentally investigated the effect of adverse elevation on the startup characteristics of an ammonia-stainless steel LHP in ground operation [23] .
Experimental results showed that the adverse elevation had two-sided effects on the startup. On one hand, the additional pressure drop caused by the adverse elevation required a larger temperature difference across the evaporator wick, which caused a longer startup time and higher startup temperature. On the other hand, the possible presence of vapor bubbles in the vapor grooves of the evaporator due to the buoyancy effect could promote evaporation or boiling in the evaporator during the startup, which contributed to rapid working fluid circulation along the loop and reduction of the evaporator superheat. Chen et al. (2006) experimentally tested a miniature loop heat pipe under horizontal and four vertical orientations, i.e. "condenser above evaporator", "evaporator above condenser", "compensation chamber (CC) above evaporator" and "evaporator above CC" at various heat sink temperatures for electronic cooling applications [24] . The steady-state operating characteristics were similar for most of the orientations except for the one where the evaporator was above the compensation chamber. In fact, for the orientation "evaporator above CC", the LHP didnot work at all for different heat sink temperatures. In general, the LHP can be started with very low power input (5W). There was a small temperature overshoot during start-up, which can be attributed to the slow movement of the cold liquid from the condenser. The start-up difficulty was encountered under two orientations, i.e., "condenser above evaporator" and "evaporator above condenser".
As briefly reviewed above, the effect of relative positions between different components on the operation of LHPs under terrestrial surroundings has been extensively studied, however, the effect of evaporator tilt on the operating characteristics of LHPs is seldom reported , and little is known about the physical mechanisms associated with the evaporator tilt effect, which will be the main focus of this paper.
EXPERIMENTAL SETUP
A typical LHP consists of an evaporator, a condenser, a compensation chamber (CC) and vapor and liquid transport lines. The detailed structure of the evaporator and CC is shown in Fig.1 , and Fig.2 shows the schematic view of a LHP.
The experimental LHP was made of stainless steel except that the wick was made of sintered nickel powder, and Table 1 shows the basic parameters of the components where OD and ID represent the outer and inner diameters respectively. No secondary wick was employed in the ground tests, and the LHP had a bayonet extending to the middle point of the evaporator core. Ammonia was selected as the working fluid due to its excellent thermophysical properties in the temperature range of 0-60 o C. Fig.3 shows the experimental setup. In the experiments, heat load applied to the evaporator was provided by a thinfilm electric heater with the electric resistance of 20 Ω, attached directly to the evaporator casing symmetrically. The heat load can be adjusted from 0W to 300W by altering the DC power supply. The condenser line was mounted on an aluminum cold plate with imbedded coolant channels. Ethanol was used as the coolant for the condenser and circulated by a pump though a refrigerator. The heat sink temperature was maintained at constant values. The entire loop was thermally insulated with sponge to reduce the parasitic heat load from the ambient.
The data acquisition system composed of a data logger linked to a PC and the IMPview software was used to display and store the experimental data. Copper/constantan (Type T) thermocouples (TCs) were used to monitor the temperature profile along the loop, and the TC locations are shown in Fig.3 . The vapor line was divided into four equal segments by the five TCs attached on it; and the condenser line was divided into five equal segments by four TCs attached on it. One additional TC was used to measure the ambient temperature (not shown in Fig3).
EXPERIMENTAL RESULTS AND ANALYSIS

Experimental results
In the experiments, the evaporator was placed at three different tilts: (a) the evaporator was horizontal with the CC;
(b) the evaporator was vertically below the CC and (c) the evaporator was 6mm higher than the CC, as shown in Fig.4 .
In this section, the experimental conditions were maintained as follows: the ambient and heat sink temperatures were temperature of the LHP began to increase with the heat load, indicating that the LHP was operating in the constant conductance mode, i.e., the thermal conductance of the LHP remained almost invariant. The formation of variable conductance mode of the LHP is mainly caused by the parasitic heat load from the ambient, the adverse elevation and the variation of thermal conductance between the evaporator and CC, consistent with many previous reports. Similar phenomena were observed when the evaporator was at tilt (b), albeit the operation temperature in the variable conductance mode was a slightly lower than the tilt (a) case. In the constant conductance mode, the operating temperature difference between the two evaporator tilts reduced, and the two operating temperature curves almost overlapped. Fig.6 shows the heat load dependence of the operating temperature when the evaporator was at tilts (a-c)., For the tilt (c), the general operation temperature dependence on the heat load is similar to that of (a) and (b), however it has some distinctive differences. The operating temperature at tilt (c ) case was much higher than those when the evaporator was at tilts (a) and (b) in both operational modes, especially when the heat load applied to the evaporator was small (<100W). In fact when the heat load was smaller than 20W, the LHP was very difficult to start up and the evaporator temperature rose continuously even after 85 . The system had to be shut down immediately before a steady state was reached for the safety purpose. For the case (c ), the transition between the two operational models occurred ~ 100 W, which is much lower heat loads comparing the other two. Consequently, the evaporator temperature keeps decreasing for the tilt (c) between 100 and 200 W, while it starts to increase for the case of (a) and (b). Such experimental observation will be analyzed theoretically in the next section.
Theoretical analysis
The experimental results above shows clearly that the evaporator tilt has significant effect on the operating temperature of the LHP under terrestrial surroundings. For LHPs, the heat load applied to the evaporator (Q ap ) can be generally divided into three parts: i) the evaporative heat load, Q e , which is applied at the outer surface of the evaporator wick and shares the majority of the total heat load. It can be expressed by Eq. (1):
ii) the heat leak from the evaporator to the CC, Q hl , , , which includes the axial and radial contributions :
and iii) the sensible heat the liquid passing through the wick, Q hw , which increases the liquid's temperature to the evaporating temperature. Therefore the heat load applied to the evaporator can be expresses as:
To the best of our knowledge, in the mathematical modeling or thermal analysis of the evaporator and CC of LHPs, most of the researchers consider that the working fluid in the evaporator core and the CC has a uniform temperature, i.e. the saturated temperature of the CC corresponding to the local pressure. For the simplification consideration, the heat leak from the evaporator to the CC is balanced by the subcooling of the returning liquid, neglecting the small heat transfer between the CC and the ambient [25] [26] [27] [28] [29] [30] [31] [32] 
If this assumption is true, the operating temperatures of the LHP at different evaporator tilts should be the same, which obviously conflicts with the experimental results presented above and in other literatures. In addition, this assumption doesn't take into account the effect of the compensation chamber geometry, which may also affect the heat and mass transfer in the evaporator and CC and eventually lead to different operating temperatures of the LHP [33] .
To improve the mathematical modeling, both the temperature non-uniformity of the working fluid in the evaporator core and CC, and the cooling effect of the returning liquid are considered in this paper. Consequently, the inner surface of the evaporator wick is divided into a subcooled zone (S wi,sub ) and a saturated zone (S wi,sat ) according to the specific cooling condition of the returning liquid. In the subcooled zone, the working fluid is in the subcooled state without any bubble production from the inner surface of the wick. In the saturated zone, the working fluid is in the saturated state and bubbles appear continuously at the inner surface of the wick. Such a division is supported by our previous observations that bubble generation in some part of the inner surface of the evaporator wick was a common phenomenon. , For instance, Fig.7 shows the continuous bubble generation from the evaporator core and movement in the CC [34] for a LHP with dual CCs. Generally, the bubbles generated in the evaporator core will finally move into the vapor region in the CC due to the effects of the buoyancy fore and the entrainment of the fluid flow, and some bubbles may condense in this process due to the cooling effect of the returning liquid.
Based on the new model of heat and mass transfer in the evaporator and CC proposed above, the radial heat leak from the evaporator to the CC can be expressed as: When the evaporator is at tilt (b), as shown schematically in Fig.9 , the top half side of the inner surface of the evaporator wick becomes the saturated zone. Similarly generated bubbles flows upward into the vapor region in the CC due to the effects of the buoyancy and the entrainment of the fluid flow. In addition, there exists good heat transfer between the vapor in the CC and the returning liquid in the bayonet because the bayonet goes directly through the vapor region in the CC, which enables the vapor in the CC condenses continuously to maintain a stable liquid/vapor interface in the CC. Compared with the situation of tilt (a), the bubbles in the evaporator core enters the vapor region in the CC easierand the heat transfer between the vapor in the CC and the returning liquid in the bayonet is improved . Consequently the returning liquid has a better cooling effect on the evaporator core and CC, which results in a lower operating temperature of the LHP as shown in Fig. 5 . Fig. 10 shows schematically the case of tilt (c). As the evaporator is slightly higher than the CC, the bubbles generated in the evaporator core flow toward the top end of the evaporator core, and accumulate there , which is much different from the situations of tilts (a) and (b). Due to the jet impingement effect of the subcooled liquid at the exit of the bayonet, the top half side of the inner surface of the evaporator wick except the vapor region becomes the subcooled zone and the bottom half side of the inner surface of the evaporator wick is the saturated zone where the cooling effect of the returning liquid is weak. As no bubble enters the CC and the bayonet goes directly through the CC, the CC will always be flooded with liquid. For the vapor region in the evaporator core, evaporation occurs at the inner surface of the evaporator core, and the radial heat leak from the evaporator to the evaporator core is relatively large. At the same time, the cooling effect of the subcooled liquid on the vapor region in the evaporator core is reduced due to the blockage of liquid, a much larger subcooling of the returning liquid is required to balance the heat leak from the evaporator to the vapor region in the evaporator core. Consequently the subcooled zone in the condenser must increase significantly, resulting in a considerable reduction of the utilization efficiency of the condenser and the increase of the operating temperature of the LHP.
Such an analysis agrees qualitatively with the experimental results. Quantitatively, Fig.11 shows the temperature profile of the LHP at the heat load of 200W when the evaporator was at tilts (a) and (c), respectively. For the tilt (a), the temperature of the fourth TC on the condenser was close to the operating temperature, indicating the co-existence of two-phase working fluid. The utilization efficiency of the condenser was more than 80% due to the good cooling effect of returning fluid on the vapor region in the CC. While for the tilt (c), the temperature of the second TC on the condenser is significantly lower than the operating temperature, indicating a subcooled liquid status. The utilization efficiency of the condenser was less than 40% due to the worse cooling effect of returning liquid on the vapor region in the evaporator core.
Of particular note that when the evaporator is at tilt (c) and the heat load is very small, i.e. 20W, the mass flow rate of the returning subcooled liquid in the bayonet is rather small, so does the cooling effect of the returning liquid.
The heat leak from the evaporator to the vapor region in the evaporator core cannot be effectively cooled by the returning liquid, the operating temperature of the LHP rises continuously and cannot reach a steady state below a safety operating temperature, i.e. 80 . Such a modeling result is consistent with the experimental observation.
CONCLUSIONS
The effect of three evaporator tilt, (i) the evaporator was horizontal with the compensation chamber (CC), (iii) the evaporator was vertically below the CC, and (iii) the evaporator was higher the CC with a tilt angle of xx, on the operating temperature of a loop heat pipe (LHP) without a secondary wick under terrestrial surroundings was experimentally investigated and theoretically analyzed The evaporator tilt was found to have significant effect on the operating temperature of the LHP, more specifically,  The operation temperature of the LHP for the case i) and ii) are quite similar, with slight lower temperature for the case ii)  The operation temperature for the case iii) was significantly higher than the other two cases, and the LHP was transited into the constant conductance model at much lower heat loads.   A mathematical model was established by considering the evaporation wick into a subcooled and a saturated zone, which agreed with experimental results well.
 The cooling effect of returning liquid on the vapor region in the CC or evaporator core, which depends on the evaporator tilt, is crucial in determining the operating temperature. Insufficient cooling may lead to high operation temperature, even unsuccessful startup under low heat load conditions. .  The evaporator tilt has significant effect on the working fluid distribution and bubble movement in the evaporator and CC, which should be considered carefully in the LHP design. 
